Three-dimensional anatomy of the knee joint of ostriches (Struthio camelus)
The three-dimensional anatomy of the ostrich (Struthio camelus) knee (femorotibial, femorofibular, and femoropatellar) joint has scarcely been studied, and could elucidate certain mechanobiological properties of sesamoid bones. The adult ostrich is unique in that it has double patellae, while another similar ratite bird, the emu, has none. Understanding why these patellae form and what purpose they may serve is dually important for future studies on ratites as well as understanding mechanobiological characteristics of sesamoid bone development. For this purpose, we present a three-dimensional anatomical study of the ostrich knee joint, detailing osteology, ligaments and menisci, and myology. We have identified seven muscles which connect to the two patellae and compare our findings to past descriptions. These descriptions can be used to further study the biomechanical Ostriches (Struthio camelus) are well known for their exceptional bipedal running 10 abilities (e.g., Alexander et al. 1979) . Their muscular, three-dimensionally mobile legs 11 (Rubenson et al., 2007) are attractive subjects for studies of mechanical forces in the knee 12 because they are able to accommodate large dynamic loads (Rubenson et al., 2010; such as undergoing genetic assimilation (Sarin et al., 1999) , or indicating key changes in 63 locomotor function that correspond to altered loads on sesamoids (Hutchinson, 2002) ? 64
We are interested in questions such as, how are the patellae of an ostrich loaded and 65 how do they develop in response to these loads? We aim to investigate these questions 66 using a three-dimensional (3D) model of knee joint morphology, which this study provides 67 the basis for. To do this, we scanned and digitally segmented the ostrich knee structures 68 (muscles, ligaments, and bones) into discrete elements, allowing connecting tissues and 69 muscles to be described and measured. We present an anatomical description of the 70 morphology of the knee joint of ostriches, with a focus on features that are most relevant to 71 the mechanics of the two patellae. The knee joint of an adult ostrich has five component bones: the distal femur, the 107 proximal tibia and fibula, and the proximal and distal patella (Figure 2b ). The femur has 108 asymmetric condyles, the lateral being appreciably larger than the medial. This is unusual 109 compared to humans (Rehder, 1983) ; however, numerous other species have asymmetric 110 condyles as well (e.g. Rewcastle, 1983) . There is also a large lateral femoral epicondyle 111 lateral to the lateral femoral condyle, forming a fibular trochlea. The tibiotarsus has lateral 112 and cranial tibial crests extending from those two aspects of the proximal tibia.
113
The proximal patella lies high on the lateral femoral condyle, dipping slightly into the 114 large sulcus in the position the specimen was scanned in (similar to that in three other 115 specimens scanned). The proximal patella therefore topologically corresponds to the single 116 patella of other birds, which occupies a position within or slightly above the sulcus (Shufeldt, 117 1884; Haines, 1942; Cracraft, 1971) , and its flattened morphology likewise is similar.
118
The distal patella, which has only been briefly mentioned in literature (Macalister, 119 1964; De Vriese, 1909; Walker, 1890; Bezuidenhout, 1999; Gangl, 2004; Wagner, 2004) , is 120 75.7mm long in our subject (ossified portion; Table 1 ) and sits in front of the lateral femoral 121
condyle. There was considerable variability in the distal patella lengths we observed in our 122 dissected and museum specimens, however the length does roughly correlate with femur 123 length (Table 1) , which suggests a correlation with age. The distal patella extends down to 124 just above the tip of the tibial crest, where it is connected by a short band of connective 125 tissue (~3mm), apparently corresponding to a distal remnant of the patellar tendon. This 126 distal-most sesamoid appears almost as an extension of the tibial crest, similar to the 127 position of the extended tibial crest in some diving species (Shufeldt, 1883, 1884; Walker, 128 1890). Both patellae are enveloped by a thick, fibrous facial sheet to which many tendons 129 contribute. While neither patella articulates directly with any other bone in the knee (through 130 an articular cartilage interface), the layer of fibrous tissue between the femur and proximal 131 patella is thin and may allow transmission of contact forces in some poses or loading 132 regimes.
134
Ligaments and Menisci 135
There are four primary ligaments which provide stability and alignment in the knee 136 joint of ostriches, as in many other tetrapods ( Figure 2a ; Fuss, 1989 Fuss, , 1991 Fuss, , 1996 . A wide, 137 flat collateral ligament spans the femorotibial joint space on either side, laterally and 138 medially. The medial collateral ligament (MedCL) connects the medial femoral condyle to the 139 tibiotarsus. It originates within a small fossa on the distal medial side of the medial femoral 140 condyle and inserts distally to the tibial plateau on the medial edge of the proximal tibia. The 141 lateral collateral ligament (LatCL) originates on the distal part of the lateral femoral 142 epicondyle, and inserts onto the fibula, on the posterior-distal corner of the lateral side of the 143 bulbous epiphysis, as well as the lateral meniscus, on the lateral side of the large, pointed 144 cranial extension of the meniscus. There is additionally a larger lateral collateral ligament 145 (LatCL_2) which originates at the very top of the lateral femoral condyle, inserts on the shaft 146 of the fibula, and also connects cranially to the meniscus. The cranial cruciate ligament 147 (CranCL) is round in cross-section, originates caudally (in the popliteal fossa) between the 148 femoral condyles and inserts cranially on the tibial plateau ( Figure 3a) . The caudal cruciate 149 ligament (CaudCL) is thicker and flatter. It originates from a small impression on the medial 150 side of the lateral femoral condyle, crosses over the top of the CranCL, and inserts on the 151 caudomedial corner of the tibial plateau ( Figure 3a) . We found slight differences in size and 152 shape of attachments, particularly on the tibial head, from previous descriptions (Fuss &  153 Gasser, 1992), however the general location agreed (Figure 3b ).
154
The medial meniscus sits between the medial femoral condyle and the tibial plateau.
155
It is circular, thickest on its outermost aspect and thinner towards the incomplete centre, so 156 that it forms a triangular wedge in cross section. Cranially, the medial meniscus connects to 157 the lateral meniscus. The lateral meniscus is smaller than the medial meniscus and is longer 158 (craniocaudally) than it is wide (mediolaterally). It sits primarily in the gap between the 159 tibiotarsus and the fibula and extends cranially up the lateral femoral condyle. The femoral 160 meniscal ligament attachments match well with Fuss and Gasser's (1992) descriptions, 161 however the tibial attachments differ in size and two meniscal attachments on the fibula were 162 found, which were not previously noted (Figure 3b We scanned, modelled, and dissected an ostrich knee and found previously 219 undescribed or unclear morphology which may be crucial in ostrich knee function. Literature 220 and other specimens bolstered our findings. From the detailed, three-dimensional 221 anatomical data that we collected, we are able to confidently describe the functional 222 attachments of muscles to the tendofascial sheets containing the two patellae, suggest 223 mechanical implications of these attachments in a dynamic limb, and compare our findings 224 to previous anatomical descriptions. 225
226

Functional Attachments 227
To understand the loading across the knee joint of ostriches, identification and 228 description of the tissues which directly interact with the two sesamoid bones is essential 229 (Figures 2-4) . The two sesamoids are embedded in sheets of tendofascial tissue that bond 230 together at the proximal edge of the distal patella. The sheets are the origins and insertions 231 of various leg muscles. The proximal sesamoid constitutes the insertion of the FMTIM 232 tendon proximal-medially and the FMTLP tendon proximal-laterally. Distally, the sheath 233 attaches to the distal sesamoid. The distal sesamoid forms the insertion for the FMTLD 234 tendon proximal-laterally and the IC tendon proximally. The distal sesamoid also is part of 235 the muscle origins of the GL proximal-laterally, the FL distal-laterally, and the GM medially.
236
Based on our anatomical observations, we hypothesize that all seven of the muscles 237 attached to the patellae would induce a compressive (into the joint) stress on the patellae. 238
The GL, FL, and GM would also induce a tensile force component in the distal direction 239 while the IC, FTIM, FMTLP, and FMTLD would exert a tensile force component in the 240 proximal direction. This could create areas of large compressive and shear loading near the 241 joint as the tissues wrap around the femoral condyles. In addition to the proximal-distal 242 loading, additional mediolateral loads may occur as a result of the tissues wrapping around 243 the distal femur where there is a complex surface between the large lateral condyle and 244 deep sulcus. This variegated surface may induce higher stress concentrations in areas 245
where the surface geometry is most irregular.
247
Patellar anatomy and connections 248
The first two (in 1894) mentions of ostriches having a second patella described it not 249 as a true patella, but as an "ossified ligamentum patellae" (Macalister, 1964 ; Houghton, 250 1864). Since then there have been several other descriptions. Walker (1890) mentioned a 251 small double patella in ostrich while De Vriese (1909) described the patellae as large, 252 consisting of two successive parts which connected to the tibia by a short ligament. Fowler 253 (1991) claimed that ostriches only had a single ossified bone in the tendon which inserted 254 onto the cnemial crest. We found this to be untrue of our adult subjects. In a juvenile ostrich 255 hindlimb we observed joints which were not fully ossified and no patellae were detected, but 256 it is still unclear when in ontogeny each patella ossifies.
257
In more modern literature, there have been two primary papers providing thorough 258 descriptions of the patellae and related ostrich knee anatomy (Bezuidenhout, 1999; Gangl et 259 al., 2004) . Bezuidenhout (1999) describes a primary patella with medial and lateral articular 260 surfaces, and a "second patella" distal to the patella. The "second patella" is described as a 261 long bony column extending from the medial bottom edge of the patella to the tibial crest.
262
This account was also the first to detail muscle attachments to the two patellae. Muscles 263 described in association with the patellae were the M. femorotibialis medius (inserts laterally 264 on the patella), the M. femorotibialis accessorius (inserts proximally on the patella), the M. describe as FMTIM). The tendon of the M. ambiens (here AMB1) was described as running 275 medially to the proximal patella and caudally to the distial patella through the tendofascial 276 sheet of the knee within its own channel. The M. fibularis longus and the M. gastrocnemius 277 pars medialis were both described as having their origins on the distal patella.
278
Additional modern studies have also shed light on the patellae through both 279 osteological (Wagner, 2004) and myological (Zinoviev, 2006; Smith, 2006) 
